The synthesis of a fluorescent colchicine derivative permits the localization of colchicine-binding receptors in cells. Fluorescein colchicine (FC) was prepared by the addition of fluorescein isothiocyanate to deacetyl colchicine. The product, FC, was separated from the reactants by thin-layer chromatography (TLC). The purity of FC was demonstrated by TLC, UV spectral analysis, and analysis of the kinetics of photodecomposition. FC inhibited [aH]colchicine binding to purified brain tubulin. The biological activity of FC was compared to the activity of unlabeled colchicine on mitosis, motility, secretion, and myogenesis. The effects of FC were identical to those of unlabeled colchicine in all biological systems tested. The results demonstrate that FC may be substituted for colchicine in biological experiments without significant loss in specificity or effectiveness.
In addition to its medical history, dating back to 1550 B. C. (12) , colchicine has two important biological characteristics: (a) a highly specific association with microtubule proteins (40, 41) and (b) remarkable effects on several basic cell functions including mitosis (16) , secretion (43) , cell morphology (33) , motility (37) , intracellular transport of macromolecules (23) , microtubule assembly (3, 13) , and mitogenic activation (21, 38) . Previous investigations have utilized the specificity of colchicine in studying colchicine-binding microtubule proteins and their role in cell functions dependent upon microtubule assembly (8, 20, 25, 33, 39) . However, microtubule assembly is not clearly involved in all colchicine-sensitive cell processes: nucleoside transport (22) , cholinergic activation (35) , albumin secretion (24) , axonal transport (5) , stimulation of ciliogenesis (10, 31) , stimulation of antibody production (32) , and modulation of surface receptor movements (36, 44) . The presence of colchicine-binding microtubule proteins in the membranes of mitochondria (1), nuclei (30) , and synaptosomal endings (26) suggests a cellular function for colchicine-binding proteins in addition to microtubule assembly. The present paper is a report of the synthesis, purification, and biological testing of fluorescein thiocarbamyl colchicine (FC) (Fig. 1) , a highly fluorescent derivative of colchicine that maintains the specificity and biological activity of unlabeled colchicine. FC provides a new cytological method for studying the relationships between colchicinebinding sites and cell functions.
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MATERIALS AND METHODS
The synthesis of fluorescent colchicine from fluorescein isothiocyanate (Sigma Chemical Co., St. Louis, Mo.) and deacetyl colchicine will be described in detail in Results. It should be noted that the remethylation step in the production of deacetyl colchicine included the generation of diazomethane, a rather toxic and volatile compound requiring special precautions, such as the use of smooth glass joints sealed with Teflon tape instead of ground glass joints (2) . Deacetylation of colchicine by the method of Wilson and Friedkin (42) yielded a mixture of deacetyl colchicine and its isomer iso-deacetyl colchicine. The separation and purification of the colchicine derivatives were especially difficult because of their similarities in molecular weight and charge. Maximal separation was obtained by thin-layer chromatography (TLC) using precoated aluminum-backed, 0.25-mmthickness silica gel (Sil Gel F-254) sheets from EM Laboratories, Inc. (Elmsford, N. Y.). The plates were developed with an acetone/methanol (9.5:0.5) solvent system in glass tanks lined by Whatman chromatography paper. The products were detected on the plates by use of illumination with UV light, Blak Ray UVL-21 or UVS-21 sources (Black Light Corp. of America, San Gabriel, Calif.) for visible and short wavelength UV irradiation. After TLC separation, the bands were scraped from the plates, eluted from the silica gel with 95% ethanol, evaporated to dryness with a stream of nitrogen gas, redissolved in 95% ethanol to a concentration of 1 /~M, and prepared for UV analysis in a Cary 15 spectrophotometer (Varian Associates, Instrument Div., Palo Alto, Calif.). Coichicine concentrations were calculated from the optical density at 350 nm (e = 16,500) (42) . The leading band, R t = 0.28, gave a UV absorption maximum at 345 nm and was identified as iso-deacetyl colchicine. The slower band, R e = 0.14, had an absorption maximum at 351 nm, characteristic of deacetyl colchicine and was used in the synthesis of FC. All salts and solvents used in the synthesis were reagent grade obtained from J. T. Baker Chemical Co. (Phillipsburg, N. J.) or Merck & CO., Inc. except where noted.
Cell Preparations

SEA URCHINS:
Strongylocentrotu$ franciscanus were collected at the University of Washington Friday Harbor Laboratory (Friday Harbor, Wash.). Spawning was induced by the injection of 5-8 ml of 0.55 M KCI solution through the oral membrane into the perivisceral cavity (7). Eggs were obtained fresh for each experiment just before fertilization and washed three times in filtered seawater before use, while sperm were stored in a refrigerator (-4~ for as long as 48 h before use. To achieve fertilization, 0.5 ml of sperm were diluted in 50 ml of filtered seawater and -2 ml of this diluted sperm suspension was added to 50 ml of the suspended eggs in a 250-ml beaker. After 10 rain, the eggs were observed with a compound light microscope. If a fertilization membrane was present indicating that fertilization had occurred, the zygotes were washed three times with filtered seawater to remove the excess sperm and maintained on a seawater table at 12~176
Solutions of colchicine derivatives in seawater were diluted into aliquots of the zygotes -30 min after fertilization, and the effects on the first mitosis were observed.
MACROrHAGES: Macrophages were obtained by peritoneal lavage. The cells were seeded on glass cover slips and maintained in Eagle's minimum essential medium (Grand Island Biological Co., Grand Island, N. Y.) with 2% L-glutamine, 150 U/ml of penicillin-streptomycin, and 10-20% fetal calf serum. Monolayer cultures of peritoneal macrophages were exposed to test compounds by the following method: Samples of the compound were dissolved in culture medium without serum at 37~ The complete medium was poured off of the cell culture, and 5 ml of the test medium was added in its place. Serum was avoided because colchicine and other colchicine derivatives may have affinity for components in the serum (9, 22) . The macrophages in the study cultures were monitored with an inverted phase microscope or a Zeiss Universal microscope equipped with Nomarski differential interference contrast (DIC) optics.
The effects of FC, colchicine, and other derivatives on living preparations of macrophages were studied by Nomarski (DIC) and fluorescence microscopy. Living macrophages were grown on cover slips in medium containing drugs or in control medium without drugs. Cover slips removed from the culture dish were placed in a pool of medium (with or without drugs) on a microscope slide. A second, larger cover slip was added over the culture cover slip and sealed with Vaseline (Chesebrough-Ponds, Inc., Greenwich, Conn.) to create a microchamber having a clean, dry upper surface. The effects of FC, fluorescein, colchicine, and fluorescein lumi-colchicine on the macrophages were observed and recorded on Tri-X or Plus-X Pan film (Eastman Kodak Co., Rochester, N. Y.).
Dr. H. P. Ehrlich (Department of Biochemistry, University of Washington) observed the effects of FC on collagen synthesis in in vitro cultures of chick cranial bones (11) .
Chick embryo myogenic cells were generously provided by Dr. M. Nameroff (Department of Biological Structure, University of Washington). The effects of FC were compared to the effects of colchicine and fluorescein on mitosis and myotube formation in cultures of chick embryo myogenic cells.
RESULTS
A flow chart for the preparation of fluorescent cotehicine derivatives is shown in Fig. 1 . The FC used in biological tests was synthesized by the addition of 1 ml of 1.0 mM deacetyl colchicine in 95% ethanol to 1 ml of an ethanol solution of 7
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This flow chart diagrams the synthesis of FC, iso-colchicine, and lumi-colchicine. Colchicine was deacetylated to trimethyl colchicinnic acid (TMCA), remethylated to deacetyl colchicine (DC) and its isomer iso-deacetyl colchicine (iso-DC). Iso-DC and DC can be combined with fluoreseein isothiocyanate (FITC) to yield the fluorescent products. The proposed chemical structure of FC is shown. Ultraviolet irradiation converts deacetyl colchicine to lumi-deacetyl colchicine (lumi-DC) which can be labeled with FITC. mM fluorescein isothiocyanate I (FITC) (Sigma Chemical Co.). After 15 min at room temperature, the reaction mixture was separated by TLC. The product, FC (R e = 0.38), migrated between the unreacted FITC (Rs = 0.59) and unreacted deacetyl colchicine (R~ = 0.14). The FC which migrated as a single band was eluted from the silica gel with absolute ethanol. The spectral characteristics of FC were compared with those of unreacted fluorescein and unlabeled colchicine in Fig. 2 . The purified product was evaporated to dryness, redissolved in absolute ethanol to a concentration of --0.1 mM, centrifuged to remove any remaining silica gel, and refrigerated at 4~ The synthesis yields -1.5 ml of 0.1 mM FC which can be stored for 2 mo without significant loss of biological activity. Fresh preparations not more than 2 wk old were used for biological experiments. The thin-layer chromatographic separation provided pure FC, uncontaminated by other colchicine derivatives that might affect the biological activity of FC. The purity of FC solutions was tested by two methods. Ethanol solutions of colchicine decompose to lumi-colchicine when exposed to intense UV light, and the purity of a colchicine solution can be determined on the basis of the kinetics of UV-induced decomposition. The kinetics of eolchicine decomposition are first order if the solution is pure, but impure mixtures of colchicine derivatives do not show first-order kinetics (42) . The rate of the reaction is so sensitive to the composition of a colchicine solution that isomers can be distinguished by this kinetic method (42) . The reaction was monitored spectrophotometrically by observing the change in optical density at 350 nm with the time of exposure to UV light. Fig. 3 shows the kinetic plots obtained for the photodecomposition of FC, fluorescein iso-colchicine, and a mixture of the two compounds. The mixture is clearly nonlinear while the separated purified isomers are linear. The nonlinearity of the FC decomposition, after 2.5 min of exposure to UV, is due to the overlapping 350-rim absorbance from fluorescein (see Fig. 2 ). Linearity of the kinetics of photodecomposition suggests that The excitation and emission spectra of fluorescein in physiological solutions were not changed significantly by the reaction with deacetyl colchicine. The excitation spectrum recorded at 520-nm emission wavelength gave a maximum at 490 nm, characteristic of FITC. The emission spectrum, recorded using 480-nm excitation wavelength, had a maximum at 521 nm characteristic of fluorescein (Fig. 4) .
Although the thin-layer chromatographic purification of the derivatives was only practical for small amounts of product, it was much more successful than column chromatography attempted with silica gel, alumina, bio-gel, or Sephadex. 
Effects of FC on Biological Systems
FC competitively inhibited the binding of colchicine to tubulin. This was determined using porcine brain tubulin prepared by two cycles of polymerization-depolymerization (27) . The polymerized tubulin was then dissolved in 10 mM sodium phosphate buffer, pH 6.5, 0.8 M sucrose, 10 mM MgCI2, 0.1 mM GTP. Samples of either FC or [aH]colchicine were evaporated to dryness with a stream of nitrogen and then dissolved in the above-described buffer. Approx. 0.5 mg of tubulin was incubated for 6 h at 37~ with [aH]colchicine concentrations varying from 0.7 to 40/zM in the presence of fixed FC concentrations. Separate experiments used FC concentrations in the range of 10 ttM-50 /~M. Protein-bound colchicine was measured by absorption of the labeled colchicine-protein complex (sample size 0.1 ml) to a 0.5 ml column of diethylaminoethyl (DEAE)-cellulose (Whatman DE23) pre-equilibrated with 10 column volumes of 10 mM sodium phosphate buffer, pH 6.5, with 10 mM MgCI2. The columns were washed twice with 1 ml of the equilibration buffer. The DEAE-cellulose was transferred to the scintillant (80 g of naphthalene The effect of FC on mitosis in sea urchin zygotes is shown in Fig. 5 . 30 min after fertilization, batches of zygotes in seawater were exposed to varying concentrations of FC or unlabeled colchicine. Untreated controls were observed and, when the first cleavage was completed in -99% of the zygotes in the untreated sample, the number of completed mitoses in colchicine-and FCtreated samples was counted, with a Nikon compound microscope at x 40. At least three random fields of --50 zygotes were counted from each preparation. Counts were within 5% of each other for each sample. The percentage of completed cleavages was recorded at each concentration of FC or colchicine. The minimum effective concentration of FC resulting in mitotic arrest was equivalent to the minimum effective concentration of unlabeled colchicine. The reversibility of the FC effect was also comparable to the reversibility of the colchicine effect. Treatments in which concentrations above 1 mM were used produced generally irreversible blockage of mitosis. Lower concentrations could be washed out with fresh seawater and mitosis reinitiated in -50% of the cells, providing the cells had not been exposed to the treatment for more than 30 min. FC was extracted from the metaphase-arrested zygotes by washing the cells with warm ethanol. The recovered fluorescent compound was analyzed by TLC and UV spectroscopy and appeared unchanged after binding in the metaphase-arrested cells.
FC did not bind to sea urchin sperm tails. Living sea urchin sperm suspended in 1 /zM FC in seawater showed no apparent fuorescence in the tails after unbound FC was washed from the preparation and the sperm were observed by fluorescence microscopy. Sperm tails which had been detached from the heads by repeated passage through a 26-gauge needle and collected by centrifugation at maximum speed in a clinical centrifuge also lacked fluorescence after incubation in FC and washing to remove unbound FC. In addition, demembraned sperm tails, prepared by the technique of Gibbons and Gibbons (14), showed no binding after incubation with FC. From these results, it was concluded that the FC does not bind to intact microtubules of the stable class present in sea urchin sperm tails. The effect of FC on collagen synthesis was compared with that of unlabeled colchicine in chick cranial bones grown in vitro (11) . Concentrations of colchicine or FC as low as 1 /~M decreased the rate of procollagen conversion to collagen with comparable effectiveness.
FC inhibited mitosis in cell cultures of chick embryo cells prepared from 8-day-old embryos. Cell cultures of chick embryo myogenic cells were treated with 1 /zM colchicine, 1 /zM FC, or 1 tzM unlabeled fluorescein in the culture medium. In another set of control cultures, the medium was changed but no compounds were added. After incubation at 37~ for 24 h, numerous cells arrested in metaphase had accumulated in both the FC-and colchicine-treated cultures. Colchicine-treated cultures could not be distinguished from FC-treated cultures on the basis of the number of metaphase-arrested cells or the general appearance of the cultures. The cultures treated with fluorescein and the control cultures were identical to one another, indicating that fluorescein alone had no effect on normal mitosis of myogenic cells while both colchicine and FC inhibited mitosis.
Similar results were obtained when the effect of FC was compared with the effect of colchicine on myotube fusion in cell cultures from 11-12-day-old chick embryo myogenic cells. The colchicine and FC at concentrations of 5 /zM inhibited the fusion process and caused the disruption of the previously formed myotubes into multinucleated "myosacs." Untreated and fluoresceintreated cultures of myogenic cells began to fuse and form multinucleated myotubes. The fluorescein label apparently does not alter the biological activity of colchicine in these cell systems.
Cell cultures of macrophages responded rapidly to colchicine treatment and were used in a series of experiments to compare colchicine, FC, fluorescein iso-colchicine, fluorescein lumi-colchicine, and fluorescein alone (Table I) . Treatment of cultured macrophages with concentrations of colchicine or FC above 0.5 tzM caused the cells to round up and inhibited their mobility. The colchicine effect was reversible if the cells had been incubated with doses of colchicine or FC lower than 5/zM for periods of time < 1 h. Cells treated with fluorescein alone for 30 min at concentrations as high as 0.1 mM were unaffected. When the free fluorescein was washed out of the cultures and replaced with fresh medium, no fluorescence was observed in the cells, indicating that fluorescein was probably unable to penetrate the intact plasma membrane. Cells incubated for periods of time >45 min showed some fluorescence in descrete spots apparently due to the uptake of fluorescein by pinocytosis.
To test the possibility that the morphological effects of FC may have been due to the synergistic effect of colchicine and fluorescein, ceils were treated with equal concentrations of unbound fluorescein and unlabeled colchicine in the same medium. The cells rounded up and microspike attachments could be seen, but no fluorescence was observed in the cells after the free fluorescein was washed out of the cultures. The dose-response was identical to that for colchicine alone (minimum effective dose = 0.5 tzM). This result suggested that there was no cooperative action between fluorescein and colchicine. The morphological changes in cells exposed to FC were due to the colchicine and the intracellular fluorescence was due to the fluorescein moiety on the FC.
Fluorescein lumi-colchicine, a fluorescent but inactive derivative of colchicine, was synthesized by irradiation of FC. Concentrations of the fluorescent lumi-colchicine up to 0.1 mM produced no morphological response in the macrophage cell culture even after 2-h treatment. After the fluorescent lumi-colchicine was washed out with fresh medium, a low level of fluorescence was observed in the cells, which may be due to the very low affinity of lumi-colchicine for tubulin (4) or to incomplete conversion of FC to lumi-FC during preparation of the inactive derivative.
DISCUSSION
These results suggest that the addition of FITC to deacetyl colchicine does not impair the specificity or biological activity of colchicine. Fluoresceinlabeled colchicine, FC, the product of FITC and deacetyl colchicine, was analyzed by TLC, UV spectroscopy, and chemical kinetics, and was shown to be a single, pure compound. The combination of colchicine (tool wt 399) with the fluorescent label, FITC (tool wt 499), provides a specific cytological tracer for studying the cellular role of colchicine-binding microtubule proteins in cells.
Fluorescent-labeled colchicine was shown to be comparable to unlabeled colchicine in several cell systems, and the results are summarized in Table  II . FC inhibited mitosis (Fig. 5 ) and caused morphological changes in macrophages at concentrations identical to those of unlabeled colchicine. Myotube formation (18) and collagen synthesis (11) were as sensitive to FC as to unlabeled colchicine. FC competitively inhibited [aH]colchicine binding to purified brain tubulin, suggesting that the receptor site for FC on tubulin is the same as for unlabeled colchicine. The association con- This table summarizes the effects of FC and colchicine on the biological systems used in the comparison of FC and colchieine. The distribution of fluorescence after the cells were treated with FC is also noted. "Not observed" means that the distribution of FC binding was not checked with a fluorescence microscope. "None observed" means that the cells were checked for changes in their morphology by light microscopy but that none were seen. The biological effects of FC were indistinguishable from the effects of eolchieine on these systems. stant of FC for tubulin, 2 x 105 M -1, was within the range of reported values for unlabeled colchicine (l&-100 (29) . The similarity between the biological action of FC and the effect of colchicine permits the use of FC in the investigation of colchicine-sensitive cell systems whether or not microtubules are involved.
It is significant that some colchicine-sensitive systems show no clear microtubule involvement. The disruption of microtubules in vitro (3) and in vivo (28) , the inhibition of the organization of the mitotic apparatus (17) and other morphological changes (33, 34) correlate well with colchicine inhibition of microtubule assembly. However, the absence of convincing evidence that microtubule assembly is associated with the effects of colchicine on albumin secretion (24) , collagenase production (15), axonal transport (5), surface receptor mobility (44) , cholinergic stimulation (35) , and other cell functions (8) suggests that colchicine may act on a process involving microtubule protein but not necessarily involving microtubule assembly. Our approach to this problem was to develop a fluorescent derivative for in vivo and in vitro studies of colchicine effects. Colchicine distributions in animal tissues, cells, and subeellular components may now be investigated with confidence by fluorescence microscopy, spectrofluorometry, and other analytical methods in which fluorescent colchicine is used. The application of fluorescent colchicine to problems of cell division, motility, and differentiation will assist in understanding colchicine sensitivity and its relation to microtubule proteins.
The specificity of colchicine for its receptor proteins permits the cytological localization of colchicine receptors in fixed cells, and the method should eventually permit quantitative studies of cellular tubulin pools. However, it should be emphasized that fluorescence microscopy is subject to the limitations of all morphological methods requiring histological processing. The variable nature of cells and tissues can influence fluorescence emission. For example, mammalian sperm cells have significant intrinsic fluorescence at the fluorescein wavelength (19) , discouraging their use with FC. In some cells, such as Chlamydomonas reinhardtii and Hemanthus katharinae, nonspecific FC binding has been observed. In other cases, the fixatives or organic solvents that are used in dehydration extract or enhance the intrinsic fluorescence (6) . Photographic processing can also enhance or eliminate problematic fluorescence. Fluorochromes are often sensitive to their chemical environment, and problems of amplification and quenching of the fluorescent signals are difficult to evaluate by existing morphological methods. Living cells vary in their ability to take up fluorochromes. Although fluorescence labeling techniques are useful in demonstrating the morphological distributions of cellular components, the application of fluorescence techniques to quantitative, experimental cytology requires that many problems must be considered in addition to the specificity of a labeled molecule for its cellular receptor.
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